Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset neurodegenerative disease. To date, there is no any effective pharmacological treatment for improving patients' symptoms and quality of life. Rapidly emerging evidence suggests that C-terminal fragments (CTFs) of TAR DNA-binding protein of 43 kDa (TDP-43), including TDP-35 and TDP-25, may play an important role in ALS pathogenesis. Valproate (VPA), a widely used antiepileptic drug, has neuroprotective effects on neurodegenerative disorders. As for ALS, preclinical studies also provide encouraging evidence for multiple beneficial effects in ALS mouse models. However, the potential molecular mechanisms have not been explored. Here, we show protective effects of VPA against TDP-43 CTFs-mediated neuronal toxicity and its underlying mechanisms in vitro. Remarkably, TDP-43 CTFs induced neuronal damage via endoplastic reticulum (ER) stress-mediated apoptosis. Furthermore, autophagic self-defense system was activated to reduce TDP-43 CTFs-induced neuronal death. Finally, VPA attenuated TDP-25-induced neuronal toxicity via suppressing ER stress-mediated apoptosis and enhancing autophagy. Taken together, these results demonstrate that VPA exerts neuroprotective effects against TDP-43 CTFs-induced neuronal damage. Thus, we provide new molecular evidence for VPA treatment in patients with ALS and other TDP-43 proteinopathies.
Introduction
Amyotrophic lateral sclerosis (ALS) is an adult-onset devastating neurodegenerative disease, characterized by selective loss of both upper and lower motor neurons, resulting in generalized muscular atrophy, paralysis, and muscle weakness [1] [2] [3] [4] . Underlying mechanisms of motor neuron degeneration in ALS is still unknown. Abnormal autophagy [5] , endoplastic reticulum (ER) -induced cellular stress [6] , neuroinflammation [7] , protein aggregation [8] , and oxidative stress [9] are hypothesized to be possible causes. Therapeutic options against ALS are currently very limited. To date, riluzole is the only drug approved for the treatment of ALS with a modest survival extent [10] . However, it does not improve patients' symptoms and quality of life [11] . Therefore, finding new effective therapeutic agents for ALS is Ivyspring International Publisher imperative.
TAR DNA-binding protein of 43 kDa (TDP-43) has been identified as the major component of ubiquitin-positive cytoplasmic inclusions in central nervous system (CNS) of TDP-43 proteinopathies, including ALS [12] . Pathological TDP-43 polypeptides undergo post-translational modifications, including cleavage, ubiquitination, and phosphorylation, ultimately lead to its misfolding and aggregation [13] . C-terminal fragments (CTFs) of TDP-43, including TDP-35 and TDP-25, are the cleaved fragments of TDP-43 by activated caspases-3 [14] . Immunocytochemical studies demonstrate that cytoplasmic inclusions in CNS of ALS contain phosphorylated and ubiquitinated TDP-43 CTFs [15, 16] . Actually, TDP-43 CTFs, containing a "prion-like domain" at the C-terminal end (residues 277-414), are prone to form cytoplasmic aggregates [17] . A previous study showed that overexpression of TDP-25 induced mitochondrial autophagy and ubiquitin-positive inclusions [18] . Furthermore, TDP-25 transgenic rats suffered selective forelimb impairments to mimic ALS by increasing levels of TDP-25 [19] . However, the definitive pathological role of TDP-43 CTFs involved in ALS remains unclear.
Valproate (VPA), an antiepileptic drug, is also discovered to inhibit histone deacetylases (HDACs) for promoting gene transcription [20] . VPA inhibits death of neuronal cells by its ability to counterbalance oxidative stress, autophagy, ER stress, apoptosis, and glutamate toxicity [21] [22] [23] [24] [25] [26] . Recently, VPA has been shown to be beneficial in various models of neurodegenerative diseases [27] . Notably, evidence accumulating from mouse models has indicated that VPA may have therapeutic potential for the treatment of ALS via activating transcription factor, modulating the expression of splicing factors, inhibiting glutamate toxicity and so on [22, [28] [29] [30] [31] . However, clinical trials have provided inconclusive results [23, 28, 29, 32] . To solve these issues, investigation of the precise mechanisms involved in the effect of VPA on ALS is the first important step.
In this study, we show that overexpression of TDP-43 CTFs induces inclusion body formation and neuronal toxicity via activating ER stress-mediated apoptosis in SH-SY5Y cells. Moreover, we identify that VPA attenuates TDP-25-induced neuronal toxicity via suppressing ER stress and enhancing autophagy in SH-SY5Y cells. Our findings demonstrate that VPA protects neurons against TDP-43 CTFs-induced damage. Thus, we provide the new evidence for VPA in treatment of TDP-43 proteinopathy, such as ALS and frontotemporal lobar degeneration (FTLD).
Materials and Methods

Cell culture, transfections, and drug treatments
SH-SY5Y cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (GIBCO, USA) containing 15% fetal bovine serum (GIBCO, USA), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen, USA), maintained at 37°C in a humidified incubator of 5% CO2. Plasmids (pEGFP-TDP-43, pEGFP-TDP-35, and pEGFP-TDP-25) were kindly donated by Professor Guanghui Wang (Soochow University, China). The mammalian expression plasmids HA-TDP-43, HA-TDP-35, and HA-TDP-25 were subclones of PCR products. Transfections were performed using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were treated with an autophagy inhibitor 3-methyladenine (3-MA) (10 mM; Sigma-Aldrich, USA) or VPA (0 mM, 0.5 mM, 1.0 mM, and 2.0 mM; Sigma-Aldrich, USA).
Immunoblotting
Cells were collected from the plates and centrifuged at 500 × g for 5 min. The cell pellets were resuspended in TSPI buffer [50 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EDTA, 1 mg/ml aprotinin, 10 mg/ml leupeptin, 0.5 mM Pefabloc SC, 10 mg/ml pepstatin, and 1% NP -40] . The samples were heated in loading buffer, and equal amounts of total protein were loaded and separated by SDS-PAGE. After transferred to nitrocellulose membranes, blots were blocked with 5% nonfat dry milk in TBST (0.25% Triton X-100 in PBS, pH 7.4) for 30 min, then incubated with primary antibodies overnight at 4°C. After washed three times in TBST, the membranes were incubated with anti-rabbit IgG (Cell Signaling Technology, USA) or anti-mouse IgG (Cell Signaling Technology, USA) for 1.5 h. Membranes were washed three times and proteins were visualized after ECL (Pierce Chemical, USA) treatment. The primary antibodies used were rabbit polyclonal anti-caspase-12 antibody (Abcam, UK), rabbit polyclonal anti-phospho-eIF2α antibody (Cell Signaling Technology, USA), mouse monoclonal anti-CHOP antibody (Santa Cruz Biotechnology, USA), rabbit polyclonal anti-LC3 antibody (Cell Signaling Technology, USA), mouse monoclonal anti-Beclin1 antibody (Cell Signaling Technology, USA), rabbit polyclonal anti-Bcl-2 antibody (Santa Cruz Biotechnology, USA), rabbit polyclonal anti-Bcl-xL antibody (Cell Signaling Technology, USA), and mouse monoclonal anti-GAPDH antibody (Cell Signaling Technology, USA).
MTT and LDH assays
According to the procedure previously described [33] , we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to evaluate cell viability. After incubation with VPA for 48 h, 0.5 mg/ml MTT (Sigma-Aldrich, USA) was added to each well at 37 °C for 2 h. Formazan salt formed was dissolved in DMSO, and colorimetric determination was performed at 540 nm. Cell death and lysis were evaluated on lactate dehydrogenase (LDH) activity released into the supernatant. LDH activity was determined with a commercial LDH Assay kit (Sigma-Aldrich, USA).
Flow cytometry assay
For the apoptosis assay, cells were washed twice with 1 × PBS. The cells were double-stained with Annexin V conjugated to FITC and PI, using Annexin V-FITC apoptosis detection kit (Sigma-Aldrich, USA) according to the manufacturer's instruction and analyzed on a Cytomics FC 500 flow cytometer (Beckman Coulter, USA).
Loading of lysotracker red and MDC
LysoTracker (Molecular Probes, USA) was added to cultured media for 30 min, and each well was washed three times with DMEM, and fixed with 2% paraformaldehyde for 10 min at 4°C. The red fluorescence of LysoTracker was visualized using Nikon Labphoto-2 fluorescence microscope.
Cells were incubated with 0.05 mM monodansylcadaverine (MDC) (Sigma-Aldrich, USA) at 37°C for 1 h, and the changes of fluorescence were observed by Nikon Labphoto-2 fluorescence microscope at excitation wave length 380 nm with emission filter 525 nm.
Statistical analysis
All statistical analyses were conducted using SPSS statistical software package (SPSS version 8.0). Data were shown as mean±SD. A p value of less than 0.05 indicated a significant difference.
Results
Overexpression of TDP-43 CTFs induces formation of inclusions and neuronal toxicity
To demonstrate the involvement of TDP-43 CTFs in inclusion formation, SH-SY5Y cells were made to express 35-kDa or 25-kDa TDP-43 fragments, corresponding to the C-terminal truncated products generated when TDP-43 is cleaved by caspases-3 [34] . As shown in Figure 1A , wild-type GFP-TDP-43 was evenly distributed in the nucleus, and no TDP-43 positive aggregates were detected. GFP-TDP-35-positive immunoreactivity showed both cytoplasmic and nuclear distribution, and GFP-TDP-35-positive aggregates were detected in both cytoplasm and nucleus. Furthermore, GFP-TDP-25 formed compact cytoplasmic inclusions. Moreover, more inclusions observed in cells expressing GFP-TDP-25 (42.8%) compared with GFP-TDP-35 (22.2%) ( Figure 1B) .
Next, we examined whether TDP-43 CTFs increase neuronal toxicity. Neuronal death was assessed by measuring LDH release and cell viability using LDH assay and MTT, respectively. LDH levels were increased in cells expressing HA-TDP-43, HA-TDP-35, and HA-TDP-25 compared with cells expressing HA ( Figure 1C Figure 1D ). We then used Annexin V/PI staining to examine the extent of apoptosis ( Figure 1E ). In addition, we examined the expression levels of both antiapoptotic proteins Bcl-2, Bcl-xL and pro-apoptotic protein cleaved caspase-3 by Western blot analysis ( Figure  2A, B) . The result showed that protein levels of Bcl-2 and Bcl-xL were decreased and cleaved caspase-3 was increased in cells expressing GFP-TDP-35 and GFP-TDP-25, compared with cells expressing GFP-TDP-43 or GFP. These findings confirm that apoptosis was significantly enhanced in cells expressing TDP-43 CTFs, especially TDP-25.
Overexpression of TDP-43 CTFs activates ER stress and autophagy in neuronal cells
Previous studies suggested a critical role of ER stress in the pathology of ALS [35, 36] . A recent study demonstrated that overexpression of mutant TDP-43 induced ER stress via activation of XBP-1 and ATF6, thus linking ER stress to neurodegeneration [6] . As shown in Figure 2A , our findings demonstrate that expression of phosphorylated eIF2α, CHOP, and cleaved caspase-12 was markedly increased by overexpression of GFP-TDP-35 or GFP-TDP-25, especially in the cells expressing GFP-TDP-25 (Figure 2A, B) . These data indicate that TDP-43 CTFs induce ER stress-associated apoptosis.
Macroautophagy participates in TDP-43 proteinopathy pathogenesis. Recent reports show that autophagy-related proteins are pathologically altered in the brain of patients with ALS [5, 37] . To investigate the change of autophagic activity, we first per-formed Western blot analysis to determine the expression levels of macroautophagic markers, LC3 and Beclin-1, in cells transfected with pEGFP, pEGFP-TDP-43, pEGFP-TDP-35 or pEGFP-TDP-25 ( Figure 2A, B) . Immunoblot analysis showed that the conversion from LC3-I to LC3-II and expression of Beclin-1 were increased by overexpression of GFP-TDP-35 or GFP-TDP-25 (Figure 2A, B) . Next, we used MDC and LysoTracker Red assays to detect autophagic vacuoles in the transfected SH-SY5Y cells ( Figure 3A) . We found that the number of MDC-labeled fluorescent particles and autophagosomes (Lysotracker red fluorescent dye) were mark- Figure 3C, D) . These findings demonstrate that activation of macroautophagy is involved in self-defense mechanism for neuron survival in cells overexpressing TDP-43 CTFs. 
VPA suppresses ER stress and enhances autophagy in neuronal cells overexpressing TDP-25
Since Sugai et al., reported the beneficial effect of VPA in a mouse model of ALS [24] , VPA has be regarded as a promising candidate drug for the treatment of ALS. However, clinical studies about effect of VPA on survival in patients with ALS revealed inconsistent conclusions [23, 32] . To investigate whether VPA exerts neuroprotective effects in vitro, and to clarify the precise mechanisms involved in the VPA treatment, we first examined the effect of VPA on TDP-25-induced ER stress. Since TDP-25 is believed to be the pathologic species in FTLD-U and ALS [19, 38] , and our above findings suggest that GFP-TDP-25 caused the more serious neuronal damage than GFP-TDP-35, we thus focused our following studies on TDP-25. Results show that exposure of cells transfected with pEGFP-TDP-25 to VPA resulted in significant decrease of CHOP and cleaved caspase-12 in a dose-dependent manner. We conclude that VPA suppresses GFP-TDP-25-induced ER stress ( Figure  4A, B) .
A previous study suggested that autophagy activation was a potentially useful route for the therapy of neurodegenerative diseases with TDP-43 proteinopathies [39] . Therefore, we next investigated the effect of VPA on TDP-25-induced autophagy. Immunoblot analysis revealed that exposure of cells transfected with pEGFP-TDP-25 to VPA resulted in significant increase of conversion from LC3-I to LC3-II and expression of Beclin-1 in a dose-dependent manner ( Figure 4A, B) . Further LysoTracker Red and MDC assays confirmed that treatment of VPA activated autophagy in SH-SY5Y cells transfected with HA-TDP-25 ( Figure 4C ).
VPA attenuates TDP-25-induced neuronal toxicity
To further address the neurotoxic effects of VPA on TDP-25-overexpressed cells, we first detected the expression of cleaved caspase-3, Bcl-2 and Bcl-xL in cells expressing HA-TDP-25 following treatment of VPA. As shown in Figure 5A , VPA treatment decreased cleaved caspase-3 expression, while increased Bcl-2 and Bcl-xL expression in a dose-dependent manner in cells transfected with HA-TDP-25. Consistent with our Western blot analysis, Hoechst33258 staining and Annexin V/PI flow cytometry assay also revealed that VPA treatment significantly decreased the undergoing apoptosis population in a dose-dependent manner ( Figure 5D, F) . We next examined cell viability using MTT assay. We observed that exposure to VPA significantly increased the viability of SH-SY5Y cells transfected with HA-TDP-25 in a dose-dependent manner ( Figure 5C ). Furthermore, we showed that VPA decreased LDH release in a dose-dependent manner in HA-TDP-25-overexpressed cells ( Figure 5E ). We conclude that VPA protects cells from TDP-25-induced neuronal toxicity via suppressing ER stress and activating autophagy. 
Discussion
Abnormally cleaved CTFs of TDP-43 accumulate in neurons of affected CNS regions is a common pathological feature of the two neurodegenerative TDP-43 proteinopathies, FTLD-U, and ALS [40] . CTFs contain the prion-related domains, being rich in glutamine and asparagine residues, which results in aggregation of CTFs [40] [41] [42] . Our study confirms that TDP-35 and TDP-25 fragments formed cytoplasm aggregates in SH-SY5Y cells. These observations demonstrate that TDP-43 CTFs play an important role in the formation of cytoplasmic inclusions in TDP-43 proteinopathies. However, little is known about whether and how TDP-43 CTFs exert harmful effects on neurons. Our work shows that TDP-43 CTFs induce neuronal death via ER stress-mediated apoptosis, and autophagy is activated for neuronal survival in TDP-35-and TDP-25-overexpressed neuronal cells.
ER stress is predominantly associated with intracellular inclusion bodies in neurodegenerative disease. Accumulating evidence suggests the involvement of ER stress in the pathogenic mechanisms of TDP-43 proteinopathies [6, 36] . Our results demonstrate that TDP-43 CTFs induces ER stress-mediated apoptosis via increasing expression of phosphorylated eIF2α, CHOP and cleavage of caspase-12. Previous studies showed that ER stress could be triggered by overexpression of wild-type TDP-43, and involved in TDP-43 subcellular distribution and TDP-43-positive aggregates formation [6] . The accumulation of misfolded proteins triggers ER stress responses which protect cells against the toxic buildup of such proteins and inhibit general protein transla-tion and promote the degradation of misfolded proteins [43] . However, if the ER stress response is unable to rescue the cells, it will eventually lead to cell death [44] . Autophagy is an intracellular degradation process, and responsible for the clearance of dysfunctional organelles and protein aggregates [45] . Induction of autophagy promotes the clearance of protein aggregates that cause neurodegeneration in cells and animal models [46] . Our results show that overexpression of GFP-TDP-35 or GFP-TDP-25 in SH-SY5Y cells induces macroautophagy. Moreover, inhibition of autophagy by 3-MA enhances TDP-43 CTFs-induced neuronal death. Consistent with previous observations, our findings indicate that activation of autophagy is self-defense mechanism for neuron survival in TDP-35-or TDP-25-overexpressed cells.
Thus, autophagy attenuates TDP-43 CTFs-induced neuronal toxicity. VPA is primarily used to treat epilepsy. However, accumulated evidence indicates that this agent also holds promise for treating neurodegenerative diseases via their diverse mechanisms of action [27] . In ALS mice, treatment with VPA was found to prolong lifespan in a G93A mouse model of ALS [24] . Another study investigated the effect of a chronic VPA treatment on ALS mouse model, it was found that VPA exerted neuroprotective effects in vivo through CREB-Binding protein-dependent mechanisms, but not improved mouse survival [22] . Although results from the preclinical studies raise the possibility that VPA has putative utility for the treatment of ALS, clinical trials have provided inconclusive results. A randomized sequential trial found it to be ineffective of VPA in patients with ALS [32] . However, the latest clinical trial in randomized patients with ALS found that lithium and VPA co-treatment significantly increased survival [29] . These contradictory results may be explained by using different VPA dosing, timing of initiation treatment, and histopathological subtypes. However, studies should first clarify the precise mechanisms involved in the treatment of VPA to ALS. In the present study, we demonstrate that VPA treatment significantly decreases ER stress-associated apoptosis and enhances autophagy in TDP-25-overexpressed cells. As a result, VPA reduces TDP-25-induced neuronal toxicity. In our study, SH-SY5Y cells were exposed to various concentrations form 0 mM to 2.0 mM of VPA for 48 h. Our findings show that VPA at concentrations of 1.0 mM or 2.0 mM acts protective effect on TDP-25-induced neurons damage without cytotoxicity. To our knowledge, this is the first report that delineates the protective role of VPA against TDP-43 CTFs-induced neuronal damage.
Previous studies showed that regulation of ER stress by VPA might prove to be important to the action mechanism of this drug [47] . In addition, VPA was shown to exert its neuroprotective action in a rat model of spinal cord injury via prevention of ER stress signaling mediated by CHOP [48] . A recent study exhibited that VPA protects β-cells from palmitate-induced ER stress via inhibition of ATF4/CHOP pathway [25] . Our present results demonstrate that treatment with VPA results in decrease of CHOP and cleaved caspase-12 in a dose-dependent manner in TDP-25-overexpressed SH-SY5Y cells. Emerging evidence supports the notion that activation of autophagy may be protective in some neurodegenerative diseases by enhancing the removal of toxic protein aggregates [49] . Recent studies revealed that TDP-43 is involved in the abnormal autophagy regulation [5] , and stimulation of neuronal autophagy enhances TDP-43 clearance and improves neuronal survival [50] . Accumulated evidence suggests that VPA is involved in regulation of autophagy. In diabetic nephropathy, VPA treatment ameliorates the podocyte and renal injuries via facilitating the autophagy [26] . In malignant gliomas, VPA was also proven to exert cytoprotective functions via potentiating autophagy [51] . Our results demonstrate that autophagy inhibitor 3-MA increases TDP-CTFs-induced neuronal death. Moreover, VPA treatment facilitates TDP-25-induced autophagy. In conclusion, our work provides new preclinical evidence for the therapeutic effect of VPA on ALS. Further research is warranted to verify the neuroprotective effect of VPA on animal models of TDP-43 proteinopathy.
Conclusions
In summary, our results demonstrate that TDP-43 CTFs induced neuronal death via ER stress-mediated apoptosis. Furthermore, VPA attenuates TDP-25-induced neuronal damage via suppressing ER stress-mediated apoptosis and enhancing autophagy. Our work proffers the new molecular evidence for the neuroprotective effects of VPA on TDP-43 proteinopathy in vitro. It further suggests that clinical trials using VPA to treat patients with ALS may be effective according to the pathological characterization of TDP-43 positive neuronal cytoplasmic inclusions. Therefore, these findings indicate that VPA may be a promising therapeutic strategy for treatment of TDP-43 proteinopathies.
